Since Eubulides the problem of vagueness has existed in philosophy. Vague predicates do not allow to decide whether the predicate is true or false. The Sorites paradox demonstrates such a borderline case. Do ten rice corns form a heap or do they not form a heap? What happens if we have a corn less? There has been an extended discussion of vagueness in the literature, see e.g. T. Williamson 1 . I do not want to discuss different attempts to solve this problem in modern philosophy. But I want to study the question which kinds of vagueness or "Unbestimmtheit" exist in physics and how people in physics handle Unbestimmtheit. Explicitly, I would like to investigate Unbestimmtheit which includes besides vagueness also impreciseness, uncertainty, inexactitude and indeterminacy. However, I do not want to consider the connection of Unbestimmtheit with psychological aspects of fear. I will differentiate four kinds of Unbestimmtheit: factual, theoretical, semantic and ontological Unbestimmtheit. In this lecture I will only cover the first two.
2 1. Factual Unbestimmtheit I understand factual uncertainty to exist in nature itself. It is independent of our models with which we describe nature.
a. Experimental Errors
As an empirical science, physics must check its hypotheses in experiment and observation. These hypotheses bundle concepts in statements which are considered to be physical laws. Ideally, an experiment delivers one or more numbers which are called measurement values. Non-ideal detectors or apparatus produce measuring errors. In general, independent experimental measurements will give different results. However, the mean of a measurement and the fluctuations around this mean, the variance σ can be determined. For the testing of theories deviations of a parameter by (3-4) σ from its theoretically predicted value are relevant; which means they are so improbable that the theory can be rejected. Boundary cases arise when the measuring value does neither confirm nor reject the theoretical hypothesis, this means typically there are deviations of (2-3) σ. In general, the behaviour of a physicist is then conservative. He assumes that the experimental result does not contradict the theory.
b. Natural Boundary Cases
A measurement does neither give a big nor a small number. We have for measurements in general a continuous scale with which we can compare our measurement values. If nature was discontinuous, then it would not be excluded that there are boundary cases which belong neither to one or another group. In the periodic system the atomic weight of plutonium is given as 195. 09 
c. Quantum Physical Indeterminacy
There has been in philosophy a long standing discussion about the uncertainty relation of quantum physics. The basis of this discussion is the Heisenberg uncertainty relation which states that the position ∆x and momentum ∆p of a particle cannot be measured with arbitrarily exactitude, ∆x ∆p> h /(4π), where h is Planck's action quantum. This is a statement of indeterminacy which is founded in nature itself and does not depend on the quality of our measuring apparatus. The particle is described by a wave-function which considers the particle as a superposition of localized states. This wave function belongs to the particle and gives sort of a "sleeping"-state of the particle which will be realized with probability |Ψ (r)|², when one makes a measurement at the position r. The broader the wavefunction in position/coordinate space the smaller the transformed wavefunction in momentum space. This mathematical 4 transformation is connected with the uncertainty relation. In quantum physics we have well defined rules to handle these uncertainties. Quantum physics gives a tight conceptional framework for consistent calculations of these uncertainties.
When one goes from quantum physics to the wider range of quantum gravity, one encounters the Planck scale. If such an elementary Planck scale exists, it will be impossible to measure anything better than this Planck length. Every measurement of a position along the x-direction would be associated with an uncertainty in the other direction, i.e. the y-position. One has the case of a noncommutative geometry which declares position coordinates to be noncommuting variables. One may imagine that they have the character of matrices. An analogy in quantum mechanics would be the behaviour of the xand y-coordinate of an electron in a homogeneous magnetic field along the zdirection. The quantum mechanical x-and y-coordinates do not commute in this case. The role of the Planck-length squared is given by the action quantum squared divided by the mass of the electron and cyclotron frequency.
Consequently the centre of the electronic orbit cannot be measured with arbitrary high exactness. If one goes in quantum mechanics to high and higher energy, one can test smaller and smaller distances. This is not the case in a theory with a fundamental shortest length. Interesting effects will be hidden to us and remain behind the horizon of the Schwarzschild radius R=2 G E/c 2 . In a collision at high energies you will produce a black hole which can only emit low energy Hawking radiation the energy of which is of the order of the inverse Schwarzschild radius. A new uncertainty relation arises in this hypothetical world of quantum gravitation.
Theoretical Indeterminacy
Besides the factual indeterminateness there is theoretical indeterminacy as a key ingredient of physical models. So-called statistical models of physics start with 5 uncertain microstates which are assumed to form a statistical ensemble defined by the knowledge of a few macroscopic variables.
a. Uncertainty in Statistical Physics
Boltzmann developed the hypothesis of atoms, by his theory of statistical phenomena. He was able to enumerate all microstates which belong to a given macrostate. The macrostate is described by physical properties like temperature, volume and particle number which can be easily measured. Boltzmann was able to give statistical meaning to the entropy which encodes the lack of information about the system. Lack of information means uncertainty about the microstates.
The less we know about the microstates the higher the entropy. Entropy can be compared with negative information. By being able to calculate with high accuracy systems of many particles and comparing calculations with slightly different initial conditions one found that calculations yield totally different final results. The results of these calculations are chaotic. The physics of chaos has got a lot of attention in the last decades, since it is intimately connected with our possibilities to predict future events. A small uncertainty in the initial conditions leads to an extremely big uncertainty of final results. To take into account this uncertainty means to map out these dependencies and not rely on the deterministic classical dynamics only.
b. Uncertainty in Biophysical or Econophysics Problems
In 1827 the English botanist Brown observed pollen in a liquid under the microscope. He saw that the pollen moved in a totally random fashion, as if it was a living being. It took almost another 70 years, until Einstein could explain this phenomenon. His theory of Brownian motion opened up the possibility to understand stochastic processes. The light particles in the liquid transfer momentum to the heavy particles and push them around in a stochastic manner. 6 The forces between the particles cannot be determined. These forces are even zero in the mean. Nevertheless the pollen moves. The reason behind this movement is that in a certain interval of time the forces are correlated with each other. They will not change abruptly from large negative to large positive values but the magnitude of forces will show some correlation in time. The physicist fills the grey zone of uncertainty by postulating an autocorrelation function in time. Einstein's solution leads to a mean quadratic velocity which for large times becomes proportional to the strength of the correlation functions. Similar differential equations with externally stochastic terms are used to model complex biological or economical problems. Physics is able to model phenomena which will never be known in full certainty. A combination of probability theory and differential calculus allows to understand random systems in a better way.
c. Indeterminateness in Quantum Stochastic Models
The statistical treatment of middle sized quantum systems gives rise to new problems. The number of particles in these systems is small compared to thermodynamic systems. We have 100-200 particles only in comparison with 10 23 particles. In addition the system itself is small in extension, therefore we have to use the laws of quantum physics and must handle statistics in some other way. Quantum objects of this kind are atomic nuclei with excitation energies of a couple of megaelectron volt or quantum billiards in two dimensions in solid state physics. A theoretical treatment of these systems can elucidate the uncertainty, i.e. describe certain aspects of the energy spectrum. Modern methods are based on a theory which handles instead of a single quantum mechanical energy matrix a class of energy matrices which are only limited by symmetry properties. The uncertainty in this case is fully connected to theoretical modelling. Physics cannot parametrize the complex interactions of 7 the few particles in detail. The successful way is to model a statistical distribution of random matrices which contain the main symmetry properties of the problem. Please note how the theoretical physicist generates structure which is buried in the grey zone of Unbestimmtheit. The symmetries are necessary in order to limit the number of possible boundary cases and then subclasses of uncertain cases can be connected with subclasses of phenomena. It was even proposed to apply stochastic theory to understand the fundamental form and coupling constants of the standard model of elementary particles. The standard model arises as the result of stochastic averaging over complicated interactions.
How Should One Handle Uncertainty a. The Task of Clarifying Uncertainty
Pragmatically, the importance of an uncertain result has to be assessed in the context of the physical model or theory. There are uncertain results which do not have to be improved because nobody really can give a reason for more exact measurements. Uncertainties may be flatly uninteresting like the research of extra sensorial processes has shown. Not everything which deviates from the expected probabilities in everyday life has to be scientifically researched.
However, results which trigger an important direction of the theoretical development are cases where every scientist will be keen to improve the result as quickly as possible. In this case the experimental physicist has a high responsibility to start an investigation.
b. It is Necessary to Classify Uncertain Cases in New Generic Categories
In physics the concept of atomic weight is nothing uncertain. The result however leads to uncategorizable boundary cases. One has to find the new category, in 8 this case the category neutron number to clarify these uncertain boundary cases.
Similarly for Hamiltonian random matrices or in the handling of stochastic differential equations one has to recognize the intention to give structure to our lack of knowledge by constructing symmetry classes of random matrices which then lead to similar phenomena. The modelling of biological systems also has led to the invention of generic classes which give exemplary structures even without knowledge of individual parameters. The theory of disordered systems has clarified this area in an important way which is still under investigation in neurophysiology.
c. Define Limits of Uncertainty
Modern physics is trying to spell out structural uncertainty in detail. This has been successful in quantum mechanics. Factual indeterminacy which is based in nature itself leads to theoretical constructs which have been highly productive. I see new developments in this direction in the theoretical work concerning the uncertainty of space-time, where non commutative geometry can play a theoretical role which leads to other theoretical consequences about black holes and cosmology.
d. Physical Boundary Cases and "Fuzzy" Logic
The engineering scientist encounters the problem that machines have to make decisions in cases which are only vaguely defined, e.g. by vague predicates.
Here the mathematical branch of "fuzzy" logic has been established which constructs weighted statements leading to decisions in any case. The focus of this method is to assign each uncertain concept a membership function. The discussion in philosophy has focussed on the introduction of fractional values for the membership functions, which many philosophers interpret as truth values 9 with zero (false) or one (true) as only possible values. In my opinion, the discussion should concentrate more on the question how expert knowledge is encoded in these membership functions. One also has to think about the new mathematical formulation of networks which includes concepts of connectedness and neighbourhoods. Such a wider scope will generate new insights into otherwise undecidable borderline cases in a larger context.
